Introduction
[2] Knowledge of the composition of the subcontinental lithospheric mantle (SCLM), and how that composition varies with time and/or tectonic setting, is essential to large-scale models of Earth's geochemical and tectonic evolution, and to the interpretation of seismic tomography. Numerous studies of mantle-derived xenoliths have demonstrated consistent differences in their mean bulk composition that reflect their tectonic setting [Boyd, 1989 [Boyd, , 1997 Boyd and Mertzman, 1987; Boyd et al., 1993 Boyd et al., , 1997 . The same kinds of data indicate that the composition of the subcontinental lithosphere has undergone a secular evolution, from highly depleted in the Archean time, to relatively fertile in Phanerozoic time [Griffin et al., 1998a [Griffin et al., , 1999a .
[3] Garnet xenocrysts in mantle-derived volcanic rocks are an important source of information on the composition of the lithospheric mantle. They are easily recovered by standard heavy-mineral separation techniques, and are present in many rocks where xenoliths are not. They are useful because they show a wide range in composition (especially in trace elements), and because the major-element compositions of peridotitic garnets reflect the composition of their host rock ]. The temperature of equilibration of a single garnet grain can be estimated from its Ni content ; this temperature can be referred to a local paleogeotherm, and thus used to place other geochemical information in a depth context (Lithosphere Mapping [O'Reilly and Griffin, 1996; O'Reilly et al., 2001] ).
[4] In a companion paper [Griffin et al., 1999b] we summarized major-and trace element data on >13,000 Cr-pyrope garnet xenocrysts in volcanic rocks worldwide, and described the broad relationships of element concentrations and inter-element correlations to temperature, bulk composition and tectonic setting. The relationships shown in that analysis indicated it should be possible to define meaningful compositional populations within this data set. In this paper we show that such populations are recognized by several types of statistical analysis of the database, and we relate these populations to known xenolith types. We then examine the distribution of these populations in selected lithospheric mantle sections from different tectonic environments, to show how this approach can provide new insights into the composition and evolution of the subcontinental lithosphere.
Databases and Methods
[5] This work uses several databases. The first is the garnet database described by Griffin et al. [1999b] , which contains major-and trace element data on >13,000 individual grains of mantle-derived peridotitic garnet, defined by Cr 2 O 3 contents !1% and Mg# (Mg/(Mg + Fe) >0.65. These garnets are assumed to have equilibrated with mantle olivine, thus allowing the application of the Nickel Thermometer . This database was drawn from ca 360 individual bodies at 226 localities worldwide [see Griffin et al., 1999b, Appendix B] . Trace element data (Ni, Zn, Ga, Sr, Y, Zr) were determined by proton microprobe (PMP [Ryan et al., 1990] ). In many cases the Ti and Na values are below the EMP detection limits; the same is true for PMP data on Sr, and in some cases for Zr and Y. In the statistical analyses discussed below, a distinction was made between values analyzed but below detection, and missing values where elements were not analyzed; the latter are rare in this data set.
[6] The second database consists of 5403 garnet xenocrysts from 106 localities worldwide, selected on the same basis (Appendix A). These garnets were analyzed for major elements by electron microprobe, and for trace elements by laser ablation microprobeinductively coupled plasma-mass spectrometry (LAM-ICPMS), using methods described by Norman et al. [1996, 1998 ]. Detailed comparative studies have demonstrated that the data obtained by LAM-ICPMS and PMP are similar [Norman et al., 1998 ]. The LAM-ICPMS data set includes 28 minor and trace elements, including the REE, with sub-ppm detection limits. Zn was not analyzed by LAM-ICPMS, because it displays severe matrix effects. Where Zn contents were required by one of the classification schemes (see below), we have estimated its level semiquantitatively using an empirical correlation with Fe; the uncertainty introduced by this estimation is discussed below.
[7] The generation of this second database had three aims: to achieve a better balance between samples from different tectonic settings than in the PMP database, to improve the analytical precision for important elements such as Sr, Ga and Y, and to add the information contained in the additional elements that can now be analyzed by LAM-ICPMS. Summary statistics for this database are compared with the equivalent data from the larger database in Table 1 . The two sets of data show few differences in terms of the median and quartile values for the major and minor elements. For several of the low-level trace elements, the use of the more sensitive LAM-ICPMS has given many more data points at levels below the detection limits of the PMP, and has lowered the median and quartile values (especially the lower quartile). This is particularly marked in the case of Sr, where most of the PMP data lie near the detection limit of the method. For other important elements such as Y and Zr, the differences between the two data sets probably are within the sampling error.
[8] The third database consists of 184 mantlederived xenoliths, in which the garnets and their coexisting minerals have been analyzed for major elements by electron microprobe, and for trace elements by either PMP or LAM-ICPMS. This database is used to relate the statistically defined garnet populations derived here to specific rock types and mantle processes recognized in the xenoliths.
[9] The tectonic classification used here is modified from that of Janse [1994] , as discussed by . It is based on the tectonothermal age of crustal blocks; this is defined as the age of the last major tectonic, magmatic or other thermal event. In this modified classification, ''Archons'' were last strongly heated >2.5 Ga ago, ''Protons'' between 2.5-1.0 Ga, and ''Tectons'' <1 Ga before present. In general, Archons are characterized by thick lithosphere and low geothermal gradients, and Tectons by thin lithosphere and high geothermal gradients, with Protons showing intermediate characteristics [Griffin et al., 1998a; O'Reilly et al., 2001] . The classification of each sample as Archon, Proton or Tecton thus groups them into broad classes that represent combinations of age, lithosphere thickness, and geothermal gradient. Within the garnet databases, the sampling is biased toward garnets from Archons, with smaller numbers from Protons and Tectons [Griffin et al., 1999b, Appendix A and Appendix B] . The relatively small size of the Tecton data set is to some extent compensated for by its remarkable homogeneity worldwide, as will be discussed below.
[10] The T dependence of Ni partitioning between garnet and olivine has been described by Griffin et . The Ni content of olivine in mantle peridotites varies little (mean 2900 ± 360 ppm O'Reilly et al., 1997] ) compared to the range of Ni variation in mantle garnet (10-130 ppm in the samples studied here). This situation allows the estimation of temperature for individual grains of garnet (T Ni ), as applied in this work, with a precision on the order of ±50°C . T Ni is regarded as recording the ambient temperature of each garnet grain at the time that it was entrained in the host magma. The Nickel Thermometer as calibrated by Ryan et al. [1996] has been shown to reproduce the equilibration T of xenoliths, derived by conventional thermobarometry, to ±50°C. T Ni can be converted to depth by reference to a geotherm that is known from xenolith studies, or derived directly from a garnet concentrate as described by Ryan et al. [1996] .
[11] An alternative calibration of the Nickel Thermometer has been presented by Canil [1994] . As discussed by Griffin and Ryan [1995b] , this calibration (and its successor [Canil, 1999] ) are not consistent with a large body of geothermobarometry based on other experimental studies. If Canil's [1999] thermometer is applied to our data, it would compress the depth ranges shown on the mantle sections presented here. The two thermometers give the same value (1031°C) for a Ni content of 50 ppm; this T corresponds to a depth of 140 km on a typical cratonic geotherm. On the same geotherm, the Canil [1999] thermometer would increase temperatures of 700°C 95°C, moving the top of the shallowest mantle sections down by 16 km (90 to 106 km). Temperatures of ca 1200°C, corresponding to the base of the depleted lithosphere in many sections (see below) would decrease by 60°C, moving the lithosphere-asthenosphere boundary up by 12 km. These differences would not materially affect the relationships described in this paper.
Statistical Analysis
[12] For over a century, the diamond exploration industry has used garnets and other indicator minerals to locate kimberlites and other potentially diamondiferous rocks. In the 1970s it was recognized that the chemical composition of garnets could be useful in the target evaluation process (see review by Gurney and Zweistra [1995] ), and many classification schemes for mantle-derived garnets have been developed, to give a more quantitative description of the proportions of different garnet types represented in heavy mineral concentrates. Some of these rely on empirical relationships between two or three elements. Others have used statistical techniques, in the hope of reducing the subjectivity common to the empirical techniques.
Empirical Approaches
[13] The most widespread of the empirical classification schemes are based on the relative proportions of CaO and Cr 2 O 3 (Figure 1 ) [e.g., Gurney, 1984; Sobolev et al., 1977] . They are designed primarily to distinguish the subcalcic garnets found in many harzburgites, and the high-Ca garnets found in many wehrlites, from the dominant ''lherzolite trend'' in which the Ca and Cr contents of the garnets are buffered by exchange with clinopyroxene (see Griffin et al. [1999b] for a more detailed discussion). When applied to a garnet concentrate, plots of the relative proportions of these classes against depth (Figure 2a) can provide a useful guide to mantle structure in Archean cratons, but both subcalcic and calcic garnets are quite rare in the SCLM beneath younger areas [Griffin et al., 1999a] , and this method therefore provides little information on Proton or Tecton SCLM.
[14] Griffin and Ryan [1995a] used the abundances of Y, Zr and Ti to define groups of garnets that had been affected by processes such as melt depletion and metasomatism by fluids or silicate melts (Figure 1b) . This scheme allows the mapping of different processes as a function of depth in a section (Figure 2b ), but it also is based on artificial boundaries drawn through bivariate plots.
Statistical Approaches
[15] Another group of classification schemes uses classical cluster analysis, either agglomerative or divisive, followed by interpretation of the significance of each cluster. One of the earliest and still most widely used schemes [Dawson and Stephens, 1975] is based on agglomerative cluster analysis of major-element data for 352 garnets. It recognized 12 classes, of which 7 consist of peridotitic garnets, and (perhaps most importantly) established post facto a set of simple rules for classifying new samples. A plot of the relative abundances of these garnet classes against depth (Figure 2c) shows some variations that can be correlated with rock type. However, since most of the sample classifies as ''G9'' (common lherzolite), the information content is derived largely from the proportions of minor classes. Most of these are not present in offcraton samples, which further limits the usefulness of the method. A similar approach was followed by Danchin and Wyatt [1979] , who defined 52 different clusters, but did not provide a simple scheme for defining them. This scheme was later refined for internal applications by DeBeers, and is still in use (B. Wyatt, personal communication, 2001 ).
[16] Jago and Mitchell [1989] applied a divisive cluster analysis approach to data on garnet xenocrysts from Canadian kimberlites, and defined six populations that showed some variation from locality to locality. The significance of the populations was identified by comparison with the Dawson and Stephens [1975] classification of the same garnets; this analysis suggested that some of the clusters contained mixtures of several parageneses. This scheme, like most other cluster analysis or factor analysis approaches, is difficult to apply to another data set because of the opaqueness of the classification rules.
Background to the Approach Taken Here
[17] A key issue in the application of statistical techniques is that of interpretability: our capacity to interpret the rules that define potentially meaningful clusters. In fact, a significant body of multivariate statistical research over the last two decades has focused on making the statistical black box rather more transparent. The new sorts of multivariate procedures that emerge are typified by the so-called recursive partitioning procedures, of which the CART methods [Breiman et al., 1984; Fisher, 1990] are increasingly widespread. Examples of their use in finding rules to discriminate between known populations are given by Griffin et Griffin et al., 1998 ], with dashed lines of Sobolev et al. [1977] shown for comparison; (b) Ti-Zr plot, with fields for garnets from fertile, depleted and metasomatized peridotites [after Ryan, 1995a, 1995b] ; (c) Y-Zr plot with fields for garnets from fertile, depleted and metasomatized peridotites [after Ryan, 1995a, 1995b] . al. [1997] and Belousova et al. [2002] . The recently developed PRIM procedure [Friedman and Fisher, 1999] is also of this type.
[18] It is reasonable to demand of any method for clustering multivariate geochemical data 1. that it produce rules that define potentially meaningful clusters; and 2. that the rules themselves be readily interpretable in geological terms. Classical approaches to cluster analysis tend to fail rule (ii). Furthermore, because they generally rely on measuring the difference or distance (Euclidian or otherwise) between two groups, they are not readily applicable to situations where some of the variables may be qualititative (e.g., rock type). Recursive partitioning procedures, which do not depend on distance measures and which are able to cope with qualitative variables, are thus of considerable interest.
[19] Our aim in this work has been to find out whether it is possible to define meaningful natural populations with combinations of characteristics that reflect recognizable mantle processes such as melt depletion, and metasomatism by different types of fluids. To evaluate the significance of the derived populations, it is essential that the rules defining the classes should be simply interpretable.
[20] We have used several approaches to the problem, each of which has identified a number of populations. To evaluate the significance of these populations, we have used each of the schemes to classify the garnets from the xenolith database and the LAM database described above, and then examined the samples in each class to see if they display common characteristics in terms of petrography, occurrence and the distribution of elements not involved in the original classification. A second test has been to see whether these classes vary in their distribution across a range of tectonic settings and localities, and/or with depth in given sections-i.e. whether they appear to carry geologically interesting information.
Statistical Methods
[21] The basic philosophy behind this work is that processes such as melt extraction and metasomatism will result in consistent associations (or disassociations) between related element groups, as discussed by Griffin et al. [1999b] . Our general approach has been (1) to use the garnet database to construct a ''synthetic'' data set that lacks the complex interelement correlations that exist in the real data set and (2) to use a form of statistical discriminant analysis to define the differences between the two data sets. Three different types Figure 1 , and the scheme of Dawson and Stephens [1975] , and plotted against depth of origin.
of analysis have been applied, and these are described in more detail in Appendix B.
[22] CARP (Cluster Analysis by Regressive Partitioning) uses CART (Classification and Regression Trees), a program that implements the recursive partitioning approach to classification and regression described by Breiman et al. [1984] . In the CARP approach, a synthetic data set is generated (see Appendix C) in which each variable (element concentration or ratio) has the same distribution of values as the real data set, but the individual variables are not correlated. Comparing the real data to this synthetic data set allows the procedure to recognize clusters that involve associations between variables, and to ignore clusters defined by single variables. The clusters in the real data set are simply regions of the data space that are more/less densely populated than we would expect if the data variables were completely unrelated to each other.
[23] A CARP tree ( Figure 3 ) resembles a botanical key, and is equally easy to use and interpret [Fisher, 1990; Griffin et al., 1997] . Although the initial development of the tree requires a significant amount of computer time, the tree itself is described in terms of easily understood variables and requires no further use of the computer to classify new samples. Each tree consists of a series of binary splits (divisions of the range of values into two parts), based on the concentration of an element or the value of an element/element ratio. Each grain, run through this tree, ends up in a so-called terminal node, which is assigned a class label defined by the majority of the grains in the node.
[24] The rules used by CARP to define populations in the garnet database are shown in Figure 3 . In the synthetic data set used by CARP, the distribution of values for each variable exactly mirrors the distribution in the real data set; it therefore was necessary to choose an arbitrary first split. For this exercise, we chose 4% CaO, representing the base of the ''lherzolite trend'' (Figure 1a) , as a starting point. The number of nodes in this tree reflects a choice of threshold levels by the user, which in turn is determined by a balance between maximizing the level of discrimination, and keeping a manageable number of classes. Each individual node is dominated (to different degrees) by ''real'' or ''synthetic'' data.
[25] PRIM (Patient Rule Induction Method) also seeks to identify regions of the real data space that stand out from a ''synthetic'' data set constructed from the real data [Friedman and Fisher, 1999] . In this case it has been applied to the same synthetic data set as the CARP analysis. It describes these regions, or clusters, in an interpretable form involving simple statements (''rules''), which are induced using a ''peeling'' algorithm that sequentially applies small refinements to potential regions.
[26] PRIM is an interactive program, in which user judgment is applied to select the various thresholds for defining clusters during the analysis, based on graphical displays representing the current state of the analysis. The rules used by PRIM to define clusters in the present database are given in Appendix C. At each sequential step of the analysis, the samples in the identified cluster are removed from the data set before the analysis proceeds. In the analysis presented here, only classes representing >5% of the database were recognized.
[27] ModeMap is a batch version of PRIM that operates without user interaction. All thresholds are computed internally while the program is executing, using automatic rules based on the current state of the analysis. In this case the synthetic data set was constructed so that each variable has a normal distribution of values, with the same mean and variance as in the real data set. The use of this type of synthetic data set allows the procedure to use individual variable information to find clusters. The rules used by ModeMap to define clusters in the garnet database are given in Appendix D.
[28] The rules used by CARP to define populations, and hence the populations themselves, are straightforward to interpret because the combination of values of different variables that leads to a given node is immediately obvious from Figure 3 . PRIM and ModeMap produce easily understood rules, but because each rule operates on the data set remaining after application of the preceding rules, interpretation of the individual clusters requires the examination of a database of results.
Analysis of Results

Xenolith Garnets and the LAM Database
[29] The CARP scheme provides a classification for each garnet grain, and produces a high degree of separation (>75%) between ''real'' and ''synthetic'' data sets, whereas the PRIM and ModeMap schemes each leave a significant proportion of the database classified simply as ''leftovers''. Therefore it is convenient (and space-efficient) to discuss the garnet database in terms of the CARP classification, and then to compare the results from the other schemes to the CARP results.
[30] The chemical data for the xenolith garnets, ordered by CARP class, are presented in Table 2 . We will discuss these data in terms of the nodes that contain a predominance of ''real'' samples, and some of the ''virtual'' nodes that contain either a large number of real samples (!3.5% of the real data), or a coherent group of these. In the ''virtual nodes'', although the synthetic data are of no interest, a large clustering of the real data may be.
[31] The garnets of the LAM database also have been classified by each scheme. The mean composition of each class derived from this analysis is given in Table 3 , and presented in Figure 4 ; these data supplement those from the xenolith database and contribute to the characterization of each class.
CARP-H2
[32] Most xenoliths in this group (n = 16) are subcalcic harzburgites, as defined by the requirement that CaO < 4.0%, and about half of them classify as G10 in the Dawson and Stephens [1975] scheme. All are strongly depleted, as shown by their low Y contents; this is confirmed by the high mean Fo content of the olivine in these samples (Fo 93.6 ), and the high mean Cr content of the garnets. Some show the high Zr/low Ti signature of phlogopiterelated metasomatism (Figure 2c) , and/or contain modal phlogopite. The spidergram plots (Figure 4) show that H2 garnets have sinuous REE patterns, with very low HREE and elevated Nd, Sm, Eu and Sr. It is also apparent that Zr/Y, which is measured in the PMP data set, is a reasonable proxy for LREE enrichment ( Figure 5 ). Sc is a conservative element, which becomes mildly concentrated in residual garnet and clinopyroxene during melt depletion, so that 80% of Sc values in the LAM data set fall between 100 and 200 ppm; Table 1 , Figure 4 ). The Sc/Y ratio thus provides a measure of the degree of melt extraction; high Sc/Y reflects absolute HREE depletion. Conversely, high Nd/Y ratios reflect LREE enrichment in garnets. Rare H2 garnets from Protons tend to have higher REE contents than those from Archons, but retain the sinuous pattern.
CARP-H3
[33] This ''virtual'' node contains 47% ''real'' samples from the PMP database, and seven of the xenolith garnets. All are subcalcic harzburgites, with magnesian olivine (mean = Fo 93.2 ). However, the garnets differ from those in L2 in having high Y and HREE contents, as well as lower mean Cr and higher mean Fe. These features, and generally high Zr and Ti contents, suggest a higher degree of metasomatism.
CARP-L3
[34] These garnets are derived from depleted lherzolites; they have low Y, Ti and Zr contents, and moderately elevated (on average) Cr contents. The REE patterns show low HREE as in H2 garnets, but less elevated MREE.
CARP-L5
[35] These xenoliths (n = 17) pare depleted lherzolites to calcic harzburgites, with magnesian olivine but garnets with Cr contents near the median value (Table 2) . Most are affected to variable degrees by phlogopite-related metasomatism, as shown by high Zr/low Ti contents and/or modal phlogopite. The REE patterns are sinuous, and similar to those in the harzburgitic (H2) garnets, which emphasizes their generally depleted nature.
CARP-L7
[36] This ''virtual'' node captures five xenolith garnets with a wide range of characteristics. The LAM garnets that fall into this class also show a wide range of REE patterns, indicating that it is not a coherent class.
CARP-L9
[37] Only one xenolith appears in this node; it is an unusual, very fertile lherzolite with low-Cr garnets from the Matsoku pipe in Lesotho, and may have been subjected to Fe metasomatism. However, this class is relatively abundant in the LAM database. The garnets have high HREE and low LREE, consistent with relatively low degrees of depletion. Those from Tectons have higher HREE and lower LREE than those from Archons and Protons (Figure 4c ).
CARP-L10A
[38] This large class (n = 51; 27% of xenolith data) contains a range of fertile to moderately depleted lherzolites, most of which show evidence (chemical or modal) of phlogopite-related metasomatism. The REE patterns of L10A garnets are very similar to those of L9 garnets, and show the same differences between Archons/Protons and Tectons. A notable characteristic is the combination of relatively low-Cr garnet with relatively magnesian olivine (mean = Fo 92 ), which may reflect late addition of garnet to depleted rocks. Many of the samples come from the Wesselton pipe (South Africa), and have experienced Ca-Al metasomatism, which effectively has transformed harzburgites (H2) into lherzolites (L10A), with a decrease in the Cr content of the garnet [Griffin et al., 1999c] . This class therefore is significant in terms of recognizing a specific metasomatic process.
CARP-L10B
[39] The xenoliths falling into this node are all fertile lherzolites with low-Cr garnets and Fo-poor olivine, and all but two are derived from alkali basalts in eastern China. The L10B garnets have trace element patterns similar to the L9 and L10A garnets, and show the same differences from Archons/Protons to Tectons. However, L10B garnets dominate the samples from Tectons, such as E. China, E. Australia and Mongolia (Table 4) and are relatively scarce in Archons and Protons.
CARP-L11
[40] This ''virtual'' node collects three relatively fertile lherzolites with high-Ti, Zr garnets, whose chemistry suggests a relationship to melt-related metasomatism. The REE patterns (not shown) are similar to those of L13 garnets (see below). 
CARP-L15
[42] This node contains three moderately depleted lherzolites, affected by phlogopite metasomatism. They are distinguished from those in L9 mainly by 
CARP-L16
[43] This ''virtual'' node collects nine moderately fertile lherzolites, showing a range of metasomatic features suggestive of both melt-related and phlogopite-related metasomatism, and covering a range of temperature. Several classify as G1 or G11 in the Dawson and Stephens [1975] scheme, but this does not appear to be a geochemically coherent group, although it collects >3.5% of the ''real'' garnets in the PMP data set.
CARP-L18
[44] This ''virtual'' node collects eight xenoliths ranging from depleted lherzolite to Ca-harzburgite; their unifying feature seems to be the evidence of phlogopite-related metasomatism present in all but one sample. The REE patterns are similar to those of L15 garnets, with moderate depletion in the HREE relative to Sc, and moderate relative enrichment in the LREE and Sr.
CARP-L19
[45] The xenoliths in this class are all depleted lherzolites; they contain high-Cr garnets with the high Zr and low Ti contents suggestive of phlogopite-related metasomatism. The REE patterns of the H19 LAM garnets are similar to those of L18 garnets, with moderate depletion in the HREE and moderate enrichment in LREE.
CARP-L21
[46] The xenoliths are depleted lherzolites, similar to those in L19, but their garnets have higher Zr contents. In the LAM data set, the L21 garnets 
CARP-L25
[48] This ''virtual'' node collects nine lherzolites; some are moderately depleted but several show the characteristics of melt-related metasomatism, including low-Cr garnets with high Ti, Zr and Ga contents, and iron-rich olivine. The REE patterns of L25 garnets are similar to those of the L13 garnets, with high HREE (little depletion or slight enrichment relative to Sc) and low LREE.
CARP-L27
[49] Most of the xenoliths in this class (n = 10) are fertile lherzolites containing low-Fo olivine (mean = Fo 90.4 ) and garnets with low Cr and high Ti contents (Dawson and Stephens classes G1 and G11). Several have deformed microstructures, and this class appears to be dominated by high-T melt-metasomatized peridotites. The REE patterns of the garnets are similar to those of L13 and L25 garnets.
[50] It is apparent from these descriptions that the samples falling into each ''real'' node generally show a narrow range of definable characteristics in terms of degree of melt depletion and/or style and degree of metasomatism. The real samples that classify into one of the ''virtual'' nodes tend to show few common characteristics (with the possible exception of L18 and L25). This appears to reflect a decoupling between normally related element groups, and suggests that they represent cases of incomplete processes, leading to a mixture of the characteristics that define the ''real'' classes.
Correlations Between CARP, PRIM, and MM Classes
[51] Comparison of the rules generated by the three methods (Figure 3; appendices B and C) shows that they have used the same variables, and there are obvious similarities in how they use them to define classes. Each method uses these variables in different combinations and sequences, and consequently draws slightly different boundaries between the populations. However, there are broad similarities between the classes defined by the three methods, as shown by the correlation matrices in Table 4 . These similarities are made even more apparent if classes with similar characteristics are grouped together.
[52] In the CARP analysis, we recognize four such groups.
(1) H2 + L3 + L5: Depleted Harzburgites and Lherzolites, Little Metasomatism
[53] Garnets in these classes are strongly depleted in Y and HREE, reflecting derivation from host rocks that have experienced strong melt depletion. Some H2 and most L3 and L5 garnets show some Zr enrichment. Classes PRIM-1 and MM-1 pick up those with strong depletion, but reject the ones with Y depletion and Zr enrichment-these go into PRIM-5 (or leftovers) and MM4 and 8.
(2) H3 + L15 + L18 +L19 + L21: Depleted, Metasomatized (±Phlogopite) Peridotites
[54] Garnets from H3 harzburgites are depleted in major elements, Ti and Ga, but enriched in Y and Zr. The garnets from the lherzolites are relatively depleted (<median value) in Y, and their host rocks contain high-Fo olivine, but the are relatively enriched in terms of Zr and REE (Figure 4a ). The lherzolites in these CARP classes are largely captured by PRIM-4, 5, 6 and MM-17,18 (Table 4) . H3
garnets (a ''virtual'' node) classify as leftovers in PRIM, and are concentrated in MM-8.
(3) L9 + L10a + L10b ± L16: Fertile to Moderately Depleted (Metasomatized) Lherzolites
[55] L10A is a diverse group of garnets from lherzolites with abundant cpx and garnet, but magnesian olivine; most are associated with phlogopite metasomatism. They are interpreted as the products of metasomatic reenrichment of depleted rocks, which has proceeded further than in the previous group. These garnets are largely captured by PRIM-3; in ModeMap they are divided between MM-3 and MM-7. This is clearly a distinct and recognizable class of rocks important in the mantle, but many classify as ''leftovers'' in both PRIM and ModeMap, reflecting their diversity and the variable decoupling of major-and trace element characteristics (as a result of metasomatism) reflected in their chemistry. L9 and L10B represent garnets from very fertile lherzolites with low-Fo olivine, and low-Cr garnets with high HREE contents. Most L10B rocks, especially in Tectons, probably never experienced much melt depletion [Xu et al., 1999] . L9 garnets are concentrated in PRIM-3 and MM-3; about half go into the leftovers in PRIM and MM. Class L10B was not recognized by the PRIM analysis, since it makes up <5% of the total database; these garnets go into the PRIM leftovers, but in ModeMap are concentrated in MM-7.
(4) L13 + L25 + L27: Melt-Related Metasomatism
[56] Xenoliths whose garnets classify in L13 and L27 are mostly high-T deformed lherzolites, with characteristics recognized [Smith and Boyd, 1987; Griffin et al., 1989a; Smith et al., 1991] as the result of melt infiltration, which produces a convergence between the compositions of xenolith garnets and garnets of the low-Cr megacryst suite. Most of these classify as G1 or G11 in the Dawson and Stephens [1975] scheme. These are largely captured by PRIM-2, but many go into the PRIM leftovers. They are concentrated in MM-2, -10 and -16, but there is considerable overlap (mainly of the less Ti-rich garnets) into MM-2 and MM-7. L25 (a ''virtual'' node) also contains many garnets typical of high-T sheared lherzolites, mixed with high-Cr garnets that show variable degrees of metasomatism. Many of these are collected in PRIM-2, but many also go the leftovers. In ModeMap, they are concentrated in MM-7, MM-10 and MM-16.
[57] In general, the CARP classes are most consistently categorized in terms of xenolith petrography, and CARP classifies the highest proportion of the data set, especially if the garnets that fall into the large ''virtual'' classes L18 and L25 are included (Table 5 ). The PRIM classes are the most narrowly defined, and hence PRIM classifies the smallest proportion of grains (Table 5 ). Matrices of CARP and ModeMap classes against PRIM classes (Table  4 ) therefore show the strongest correlations. PRIM classes are easily grouped into CARP ones : PRIM-1 is dominated by strongly depleted (H2 + L3 + L5) garnets; PRIM-2 correlates well with L13 + L25 + L27. PRIM-3 collects the fertile garnets in classes H 9 and H10A. PRIM-4,5,6 equate with the CARP depleted/metasomatized classes, with some overlap into L25 and L27. The PRIM leftovers, as noted above, are dominated by fertile (L10A, L10B) and melt-metasomatized (L13, L25, L27) garnets.
[58] The matrices of ModeMap versus CARP and ModeMap versus PRIM (Table 4) show weaker correlations, but still allow grouping into the same general categories. MM-1 and MM-4 garnets are derived from strongly depleted rocks, whereas MM-6, 17 and 18 equate fairly well to the depleted/metasomatized group defined by CARP classes. MM-2, 10 and 16 are dominated by meltmetasomatized garnets. MM-8, 9 and 14 show more scatter across the CARP groups, including both depleted/metasomatized and fertile classes. MM-3, 7 and 19 are dominated by garnets from fertile rocks, but overlap into the melt-metasomatized classes, especially in MM-7. This lack of correlation suggests that the ModeMap approach has not been very successful in this part of the garnet spectrum, in that it has attempted to make too many classes. For purposes of discussion and representation in figures (below), we therefore will separate out a mixed fertile/metasomatized group, consisting of ModeMap classes MM-8, MM-9 and MM14.
[59] In summary, it appears that each method recognizes populations based on varying degrees of melt depletion, different styles of metasomatic reenrichment, and various combinations of the two. The correlations among the classes, and especially among groups of classes, suggest that these populations are significant, in the sense that they are recognized by three different statistical approaches. This is most apparent for the populations reflecting strong depletion ((H2 + L3 + L5) % PRIM-1 % (MM-1 + MM-4)) and melt-related metasomatism ((L13 + L25 + L27) % PRIM-2 % (MM-2 + MM-10 + MM-16)). PRIM and ModeMap each pick populations corresponding to the fertile and depleted/metasomatized classes of CARP, but whereas there are some strong correlations between CARP and PRIM populations, the contents of ModeMap classes containing these types of garnets tend to scatter across several CARP classes.
Distribution of Classes by Tectonic Setting
[60] Another test of whether these populations are meaningful is to ask whether they show useful geological variation. One approach is to see if the populations differ in relative abundance in the mantle beneath different tectonic settings. Table 5 shows the classification of the LAM garnet database, divided into samples from Archons, Protons and Tectons.
[61] The CARP analysis shows that the depleted classes all decrease in abundance from Archon to Proton to Tecton; the depleted group as a whole drops from 35% in Archons to 18% in Protons and to zero in Tectons. Conversely, the fertile group, and especially class L10B, increases from Archon to Proton to Tecton. This sequence broadly reflects the secular evolution of SCLM composition recognized previously [Griffin et al., , 1999a . The depleted/metasomatized group makes up 10.7% of the Archon garnets and 14.7% of the Proton garnets, but drops to 1.3% of the Tecton garnets. [63] The PRIM and ModeMap analyses show similar patterns: PRIM-1 (depleted) garnets drop from 33% in Archon samples to zero in Tecton samples, whereas the abundance of PRIM-3 (fertile) garnets increases markedly from Archon to Proton to Tecton, even though PRIM does not recognize the garnets classified as CARP-H10B, so that total proportion of garnets classified in the Tecton samples is small. ModeMap classes MM-6 and MM-9 have not been found in Tecton samples.
[64] We interpret the variations in class abundances across Archons, Protons and Tectons as an indication that real effects are being measured, and that same effects are being measured by the different methods. The relative abundances of the individual populations clearly carry important information about the nature of the lithospheric mantle, and these implications will be explored elsewhere.
Distribution of Classes Within and Between Localities
[65] Here we test the usefulness of the population analysis by plotting the relative abundances of different classes versus depth in selected SCLM sections (Figures 6 and 7) . To construct these sections, the garnets in each have been ordered by their Nickel Temperature (T Ni ), and the relative abundances of the various populations have been calculated in 100°C windows, at 50°C intervals; this procedure allows for the ±50°C uncertainty on each T Ni estimate. The depth scale on each section has been derived by reference to a paleogeotherm derived either from xenolith data, or from the garnet concentrates themselves . Xenolith geotherms commonly show a ''kink'' or ''step'' at high temperatures, reflecting thermal perturbation by magmas infiltrating the base of the lithosphere [Finnerty and Boyd, 1987] . This ''lithosphere-asthenosphere boundary '', while transitional, can be defined by the deepest occurrence of abundant highly depleted garnets [Griffin and Ryan, 1995a; O'Reilly et al., 2001] . For consistency and to provide direct comparison with geothermometric data from xenolith suites, we have assumed a steep P-T gradient, parallel to the diamond stability curve, for temperatures above this point in each section.
[66] In this discussion, we examine SCLM sections from representative Archon and Proton localities. Tecton sections are compositionally simpler (Table  2) , cover limited depth ranges (typically ca 60-100 km; e.g., Xu et al. [1999] ) and show little if any stratification or regional variation.
Archons
[67] Figure 6 shows the distribution of garnet populations in SCLM sections from the Daldyn kimberlite field (Yakutia), the Lac de Gras kimberlites of the Slave Craton (Canada), and the Western Terrane of the Kaapvaal Craton (S. Africa). In this area of the Kaapvaal craton, there is a marked difference in the mantle sampled by kimberlites intruded before and after ca 100 Ma ago (corresponding mainly to the Group 2 and Group 1 kimberlites, respectively [Smith, 1983] ); this temporal change is reflected both in a rise in the geotherm and changes in rock-type distribution [Brown et al., 1998; Griffin et al., 2002] . The sections derived for the two time slices help to illustrate the usefulness of the garnet-population approach.
Daldyn Field
[68] The geotherm and other aspects of the SCLM beneath the Daldyn field are discussed by Griffin et al. [1996, references therein] . The most striking feature of the Ca-Cr section is the high proportion of harzburgitic rocks between 140 and 180 km depth. The CARP and PRIM sections show a strong concentration of depleted classes over the same depth range (>50% at 150 km); this mirrors the distribution of harzburgitic garnets but extends to shallower depths because of the presence of depleted lherzolites, which are not shown by the Ca -Cr section. In the ModeMap section, the ''layer'' of depleted rocks is less pronounced, because class MM-1 includes depleted lherzolites. Above and below this depleted layer, the section is more fertile, and class H13 (melt-related metasomatism) is important. Below 190 km, melt-related metasomatism becomes important and increases with depth. Fertile lherzolites are especially abundant at levels shallower than 140 km.
Slave Craton
[69] The Lac de Gras area is underlain by an unusual strongly layered lithosphere. Using the Zr and Y contents of garnets, Griffin et al. [1999d] defined a shallow ultradepleted upper layer, and a deeper more fertile lower layer, separated by a sharp boundary at ca 145 ± 5 km. The Ca-Cr section shows that harzburgites are much more abundant in the upper layer. The CARP, PRIM and ModeMap sections show the layering more prominently; the upper layer is completely dominated by the most depleted classes (CARP H2, L3, PRIM-1, MM-1). The deeper layer is dominated by depleted/metasomatized and melt-metasomatized classes. The depleted/metasomatized classes are more prominent in the PRIM and ModeMap sections, whereas the melt-metasomatized classes are more abundant in the CARP section. These differences appear to reflect the choice of slightly different boundaries between classes in the different methods, operating on garnet populations with a wide range of metasomatic signatures. The three methods agree in showing relatively low proportions of undepleted, as opposed to depleted/metasomatized, classes in the lower layer.
Kaapvaal Craton (>100 Ma)
[70] The Ca-Cr section shows a concentration of subcalcic harzburgites in the 140-190 km depth range, similar to that in the Daldyn section. However, mildly calcic harzburgites are more abundant between 120 and 150 km, so the overall degree of stratification is less than in the Daldyn section. The CARP and ModeMap sections mirror this; the depleted classes are essentially constant at 25-35% from 120 to 190 km, but the depleted/metasomatized classes are more abundant from 140 to 190 km, and the fertile classes from 120 to 140 km. The melt-metasomatism classes are relatively low in abundance, but increase with depth below 150 km, and rise to >20% below 180-190 km depth. All three methods indicate a relatively simple depleted section, with most of the variation reflect- ing changes in the degree and style of metasomatism with depth.
Kaapvaal Craton (<100 Ma)
[71] The Ca-Cr section shows that the abundance of harzburgitic rocks, and especially the subcalcic harzburgites, is much lower than in the older section; most are concentrated between 120 and 160 km depth. Low-Cr garnets increase rapidly in relative abundance below 160 km. The CARP, PRIM and ModeMap sections all show strong concentrations of the depleted/metasomatized classes in the 120-160 km depth range, and a high abundance of fertile classes between 80 and 120 km. In the CARP section, these fertile garnets are mainly class L10A; these garnets mainly go into the Leftovers in the ModeMap analysis. A rapid increase in melt-related metasomatism below 160 km is shown by all three methods. The younger SCLM section extends to significantly shallower depths than the older section. This may reflect differences in the sampling patterns of the older and younger kimberlites. However, it is more likely to be a reflection of the greater degree of fertility in the younger section, which allows garnet to be stable to shallower depths, on average. crust, but is dominated by Proterozoic granites and metamorphism. The Gawler craton in South Australia represents the margin of an Archean craton, reworked during Meso-Proterozoic time (1450-1700 Ma) and rifted during the Adelaidean orogeny (850-650 Ma). The Birekte terrane in NE Siberia is a Proterozoic terrane accreted to the edge of the Archean Siberian craton ca 1.9 Ga ago. It is not known to contain Archean crust, although Devonian kimberlites contain subcalcic garnets, suggesting that there may once have been an Archean root beneath the area. However, the Jurassic/Triassic kimberlites from which the present samples are derived show no harzburgitic component, and any preexisting root may have been modified by Devonian rifting [Griffin et al., 1999e] .
Protons
S. Botswana
[73] Rare harzburgitic garnets are scattered through the section, mainly between 130 and 150 km. LowCr garnets are abundant at shallow levels, and increase sharply below 180 km. The CARP and ModeMap sections show a strong concentration of depleted and depleted/metasomatized classes between 130 and180 km. In the PRIM section, R5 is concentrated in the 120-180 km depth range, whereas R6 extends to <120 km. Fertile classes dominate all of the sections above 120 km (L9, L10A; PRIM-3, MM-3). The melt-metasomatism classes increase rapidly in abundance below 140 km in all plots, and make up !50% of the section at 180 km.
Yangtze Craton
[74] Mildly subcalcic garnets are rare, and are distributed through the section from 100 to190 km; low-Cr garnets are abundant at the bottom, and wehrlitic garnets at the top. The CARP, PRIM and ModeMap sections all show a concentration of depleted lherzolites and depleted/metasomatized lherzolites between 150 and 180 km depth. The degree of melt-related metasomatism increases rap- idly with depth below 190 km. From 90 to 150 km the mantle is dominated by fertile peridotites; in the PRIM section this is expressed in a large proportion of leftovers, as well as the upwards increase in the abundance of PRIM-3.
Gawler Craton
[75] The Ca-Cr section is completely dominated by lherzolites; low-Cr and wehrlitic varieties are more common at the top of the section. The CARP and ModeMap sections (and to a lesser extent, the PRIM section) show a sharp boundary at ca 145 km. Above this the mantle consists mainly of fertile lherzolites; below it is dominated by depleted and depleted/ metasomatized classes in all three schemes. Meltmetasomatism classes increase below 140 km, but most sharply below 170 km; they make up !50% of section below 190 km.
Birekte Terrane
[76] The Ca-Cr section is dominated by lherzolitic garnets. Low-Cr garnets from fertile lherzolites are abundant in the upper part of section, and below 150 km. The CARP and PRIM sections show a concentration of depleted and depleted/metasomatized classes between 130-150 km and 160-175 km. In the ModeMap section, the depleted/metasomatized classes extend up to the top of the section. Melt-related metasomatism is important at two levels, from 150 to 160 km and below180 km. Above 120 km, the mantle is dominated by fertile lherzolites, especially in the CARP and PRIM sections.
Discussion
[77] Figure 8 shows the distribution of the garnets that make up selected CARP classes in the CaOCr 2 O 3 space commonly used in discussions of mantle petrology (cf. Figure 1) . In terms of these parameters, most of the classes overlap substantially, with median values clustered together in the central part of the lherzolite field. Most of these lherzolitic garnets would simply classify as G9 in the Dawson and Stephens [1975] scheme, as noted above; the addition of trace element data, and the use of recursive partitioning techniques, has allowed the recognition of a number of populations within this broad grouping.
[78] The results presented above indicate that these garnet populations show significant variations in their distribution across different tectonic settings, and can give new insights into the origin and composition of the SCLM. The significance of these variations will be discussed in more detail elsewhere, with additional examples, but some major points are worth noting here, to illustrate the power of the approach.
SCLM Structure: Archons
[79] The technique allows the quantitative assessment of similarities and differences in the geology of the SCLM beneath different Archean terrains, and (in the case of the SW part of the Kaapvaal craton) their evolution in time. Some sections show very strong layering, but the nature of this layering differs from section to section. In the Daldyn section, depleted material is concentrated in the lower half of the section. In the Slave craton the upper part of the section is strongly depleted, whereas the lower part is more fertile. Griffin et al. [1999d] interpreted the structure of the SCLM in the central Slave craton as the result of plume subcretion beneath a thin, highly depleted SCLM formed during arc accretion processes. This interpretation is supported by the unusually high abundance of diamonds with lower-mantle parageneses, implying plume transport from lower mantle [Davies et al., 1999] .
[80] The SCLM section sampled by Group 2 (>100 Ma) kimberlites in the SW Kaapvaal craton is homogeneous by comparison; it shows an overall level of depletion similar to the Daldyn section, but is more depleted than the lower part of the Slave craton section. The SCLM sampled by the younger Group 1 kimberlites in the SW Kaapvaal craton is thinner and more strongly layered. The layering is produced mainly by the metasomatic enrichment of the shallow part of the section (100-130 km), as reflected in a high proportion of L9 and L10A garnets, derived from depleted but refertilized harzburgites and lherzolites. A comparison of the two Kaapvaal sections suggests that this metasomatism has changed depleted harzburgites and lherzolites to depleted/metasomatized lherzolites, and that further metasomatism has produced the fertile lherzolites. The same style of metasomatism, and the progression from harzburgites to lherzolites, has been observed in individual xenoliths from the area [Griffin et al., 1999c] . At the same time, melt-related metasomatism has affected large volumes at the bottom of the section.
SCLM Structure: Protons
[81] The sections for southern Botswana, Yangtze and Birekte all show a concentration of depleted/ metasomatized garnets and some depleted ones toward the base of the sections; these grade upward into dominantly fertile lherzolite, and downward into lherzolites affected by melt-related metasomatism. The pattern is similar to that seen in the Kaapvaal Group 1 section, and we suggest that these Proton sections represent a continuation of the same sorts of metasomatic processes. The Gawler section is different in showing a sharp boundary between a very fertile upper part, similar in many respects to some Tecton sections, and a more depleted deeper part, similar to the deeper part of the Slave section but with a lower proportion of depleted harzburgites. The sharp boundary may suggest two-stage construction of the SCLM, through underplating of plume-related material as suggested in the Slave province. It is noteworthy that the kimberlites of the Gawler craton, like those of the Slave Craton, contain diamonds of the lower-mantle paragenesis; this was the first locality where magnesiowustite (ferropericlase) inclusions were recognized in diamonds [Scott-Smith et al., 1984] .
Lithosphere-Asthenosphere Boundary
[82] If the lithospheric mantle is defined as a depleted chemical boundary layer, compositionally distinct from the asthenosphere , we can use these techniques to examine the nature and position of the lithosphere-asthenosphere boundary (LAB). Most SCLM sections examined thus far show an increase with depth in the proportion of rocks similar to the high-T sheared lherzolite xenoliths found in many kimberlites. Detailed petrological and isotopic studies of those xenoliths [e.g., Smith et al., 1991; Pearson, 1999, and references therein] show that they have acquired their present fertile, Fe-rich compositions by infiltration of asthenosphere-derived melts into depleted lithosphere. This metasomatism produces an overall downward decrease in the mean Mg# of olivine [Gaul et al., 2000] and other phases in the SCLM. Progressive metasomatism of this type will drive the mean composition of the lower SCLM toward that of the asthenosphere. PHN1611, a classic sheared xenolith, is close to PUM in composition and has mistakenly been regarded as an asthenospheric mantle sample [Smith and Boyd, 1987; Smith et al., 1991] ; its garnets classify as L27, PRIM-2 and MM-10 (Table 2 ). For purposes of comparison, we can arbitrarily define the LAB as the level where garnets from such rocks make up !50% of the sample. This depth ranges from 180 to 200 km in the Daldyn, Slave and Kaapvaal Group 2 sections ( Figure 6) ; it is well-defined in the Daldyn and Kaapvaal sections, but is more gradational in the Slave section. In the Kaapvaal Group 1 section, the LAB has moved up to ca 170 km, and corresponds to a sharp lower limit to the depleted/ metasomatized classes.
[83] The LAB beneath Protons is generally shallower, but commonly is complex and gradational. It lies at ca 170-190 km in the southern Botswana section, and 150-180 km in the Birekte section. The lower 50 km of the southern Botswana section is heavily melt-metasomatized. The LAB beneath the Gawler craton is less complex, but also gradational over 170-180 km. In contrast, the LAB in the Yangtze section is very sharply defined at ca 185 km depth, by the distribution of depleted and depleted/metasomatized rocks.
[84] These examples suggest that the base of the depleted lithosphere can be defined, using these techniques, to within 10 km in many cases. This boundary may reflect a zone of melt accumulation within the tectosphere [Jordan, 1988] , rather than the true maximum depth of depleted rocks, since detailed seismic data suggest that depleted roots may extend to depths of 300 km in some cases [James et al., 2001] .
Secular Evolution of SCLM
[85] Table 3 shows a marked variation in the relative abundance of depleted and fertile classes from Archon to Proton to Tecton; this reflects and emphasizes the secular evolution of SLCM composition recognized previously [Griffin et al., , 1999a . Mapping of garnet classes can help to constrain the mechanisms that have produced this secular variation. The changes that occurred in the SCLM beneath the Kaapvaal craton around 100 Ma ago (between the Group 2 and Group 1 kimberlites) show that metasomatic activity can bring about large changes in the bulk composition of a SCLM section over a short time interval. Phlogopite-related metasomatism, mainly at depths 130 km, introduces Ca, K and Fe [Griffin et al., 1999c; . Melt-related metasomatism from the bottom up increases the overall fertility of the lower parts of the lithosphere, effectively moving the chemically defined LAB upward.
[86] Proton SCLM sections (especially for southern Botswana and Yangtze) may reflect the further progress of these processes; the proportion of melt-related metasomatism is highest in Proton sections (Table 3) . If this is correct, then at least some Proton SCLM probably represents strongly reworked Archon SCLM. Archon SCLM is virtually indestructible due to its refractory and buoyant nature [Poudjom Djomani et al., 2001; O'Reilly et al., 2001] , so its persistence beneath Proterozoic orogenic belts, especially in cratonmargin situations, perhaps is not surprising. If this is the case, at least part of the observed secular evolution trend, from Archon to Proton, probably reflects modification of preexisting SCLM. More fertile sections, like Birekte and the upper part of Gawler, might represent newly formed Proterozoic SCLM, but testing of this possibility will require detailed Re-Os work to establish a robust time framework.
[87] Does Tecton SCLM simply represent a continuation of these metasomatic processes? The data in Table 5 suggest that this is unlikely. The depleted/metasomatized classes are rare in Tecton sections, and the proportion of melt-related metasomatism is lower than in Archons and Protons. CARP class L10B is the dominant garnet class in Tecton sections, but is rare in older sections; this class represents very weakly depleted mantle with bulk compositions near PUM [Griffin et al., 1999a ; Xu et al., 1999] . These differences suggest that the mechanisms of SCLM formation in Phanerozoic time (after ca 1 Ga) are different from those that operated in the Archean time, and perhaps even in Proterozoic time. Such differences would have major tectonic implications, which are discussed elsewhere [Poudjom Djomani et al., 2001] .
Conclusions
[88] The application of the CARP, PRIM and ModeMap methods allows the recognition of populations within a large database of Cr-pyrope garnets from the lithospheric mantle beneath the continents. Because the rules defining these populations (classes) are expressed in simple compositional variables, they are easily applied to new samples and other databases. The classes defined by the three methods show strong similarities and correlations, suggesting that they are statistically meaningful. The relative abundances of these classes in the lithospheric mantle vary widely across different tectonic settings, and some classes are completely absent in either Archean or Phanerozoic SCLM. Their distribution with depth also varies widely within individual lithospheric sections, and between different sections of similar tectonothermal age. These variations make the garnet classes a useful tool for mapping the geology of the SCLM. The strongest and most consistent patterns appear to be shown by the CARP and PRIM analyses. CARP is a more inclusive approach, and defines broad groups; in terms of surface geology its use is analogous to mapping formations. PRIM classes are more tightly defined, and in some sections only a small proportion of garnets fall into them; the use of PRIM is more analogous to mapping narrow but distinct marker horizons in a thick section of homogeneous sediments.
[89] The techniques applied here can be applied to any other phase for which a temperature estimate is possible on single grains. These phases could include chromite (where zinc content provides a thermometer 
Appendix B: Statistical Methods
[91] The general approach taken here has been (1) to use the garnet database to construct a synthetic data set that lacks the complex inter-element correlations that exist in the real data set and (2) to use a form of statistical discriminant analysis to define the differences between the two data sets.
[92] A new approach called CARP (Cluster Analysis by Regressive Partitioning) makes use of CART (Classification and Regression Trees), a diagnostic program that implements the recursive partitioning approach to classification and regression described by Breiman et al. [1984] . In CART, recursive partitioning is used to develop a scheme for classifying a set of objects, based on measurements of several characteristics (the chemical analyses) of each of the objects (the garnet grains). A training set, such as our database, is used to construct a classification tree [e.g., Breiman et al., 1984; Griffin et al., 1997] , and to compute an estimate of its reliability as a predictor of the correct classification of a future sample. In practice, a randomly chosen subset (25%) of the database is kept aside and not used in setting up the tree; this subset then is used for independent validation of the rules that have been found.(so-called cross-validation of the classification tree). The cross-validation approach is essential to ensure that the tree has predictive power, that is, that it can be applied to data other than those used to generate it.
[93] Because the result of applying CART depends only on the rank order of measurements of a particular variable, rather than their actual magnitudes, it is unnecessary to transform the data prior to analysis. This is an important property that contributes to the ''robustness'' of CART analysis. In particular, it means that the procedure is resistant to unusually large (or small) values of a variable.
[94] A CART tree ( Figure 3 ) resembles a botanical key, and is equally easy to use and interpret [Fisher, 1990; Griffin et al., 1997] . Although the initial development of the tree requires a significant amount of computer time, the tree itself is described in terms of easily understood variables and requires no further use of the computer to classify new samples. Each tree consists of a series of binary splits (divisions of a range of values into two parts), based on the concentration of an element or the value of an element/element ratio. Each grain, run through this tree, ends up in a so-called terminal node, which is assigned to a particular group defined by the majority of the grains in the node.
[95] In CARP, the application of CART to the definition of populations, the differences between the real and synthetic data sets are defined by looking for regions of the data space that are more/less densely populated than we would expect if the data variables were completely independent of each other. In the case described here, the synthetic data set is drawn from a population of synthetic values that is closest to that of the data under assumption that the variables are unrelated to each other. The probability density for this synthetic population is simply the product of the individual probability densities of the individual variables, because the synthetic variables are independent of each other. (If two or more random quantities are independent of each other, the probability of their simultaneous occurrence is equal to the product of the probabilities of the separate occurrences.) A random sample from this probability density is easily generated from the data itself. Since the variables are statistically independent of each other, a particular value of one variable does not have an enhanced or decreased chance of being paired with that of any other variable. We can use a simple method of sampling with replacement, to form the synthetic data set. Suppose that the actual data set comprises n measurements on each of p variables, as shown in Table B1 and that we want to generate a synthetic variable X* = (x1*, x2*, . . ., xp*). Because we are assuming that the values of, say, Variable 1, are totally unrelated to those on any other variable, it follows that we can obtain a synthetic observation x1* by choosing, at random, any of the values x1, 1, x1, 2, . . ., x1, n, and so on for x2*, . . ., xp* to complete a new synthetic observation. To obtain a data set of n synthetic observations, we simply carry out this procedure n times, each time selecting each variable value from the complete set of n available values.
[96] When we then compare our natural data set with this synthetic data set, the procedure will be sensitive only to clusters involving associations between variables. It ignores clusters that are defined by concentrations of a single variable, as these are easily identified in basic plots of the individual variable.
[97] The rules used by CARP to define populations in the garnet database are shown in Figure 3 . In the synthetic data set used by CARP, the distribution of values for each variable exactly mirrors its distribution in the real data set; it therefore was necessary to choose an arbitrary first split. For this exercise, we chose 4% CaO, representing the base of the ''lherzolite trend'' (Figure 1) , as a starting point. The number of nodes in this tree reflects a choice of threshold levels by the user, which in turn is determined by a balance between maximizing the discrimination and a retaining a manageable number of classes. Each individual node is dominated (to different degrees) by ''real'' or ''synthetic'' data. In the discussion below, we examine the characteristics of the garnets in each of the ''real'' nodes, and also in several nodes that contain a majority of ''synthetic'' data, but still have a significant portion (!3.5%) of the total ''real'' data. (In the latter case, the synthetic data are, of course, of no interest; however, a clustering of more than 3.5% may well be.)
[98] PRIM (Patient Rule Induction Method) also seeks to identify clusters that stand out from a synthetic data set constructed from the real data [Friedman and Fisher, 1999] ; in this case it has been applied to the same synthetic data set as the CARP analysis. Given a data set, the purpose of PRIM is to find simultaneous combinations of values for a set of (''input'') variables that imply unusually large (or small) values of another designated (''output'') variable. (In technical language, it seeks to locate a set of subregions of the input variable space within which the value of the output variable is considerably larger (or smaller) than its average value over the entire input domain.) It describes these regions in an interpretable form involving simple statements (''rules'') concerning the input variable values. These rules are induced by a patient (as opposed to greedy) strategy, using a ''peeling'' algorithm that sequentially applies small refinements to potential regions. This patient strategy represents an alternative to the greedy ones used by most rule induction methods, and semigreedy ones used by partitioning tree techniques such as CART.
[99] PRIM is an interactive program, in which user judgment is applied to select the thresholds for defining clusters during the analysis, based on graphical displays representing the current state of the analysis. The rules used by PRIM to define clusters in the present database are given in Appendix B. At each sequential step of the analysis, the samples in the identified cluster are removed from the data set before the analysis proceeds. In the analysis presented here, only classes representing >5% of the database were recognized. [100] ModeMap is a batch version of PRIM that operates without user interaction. All thresholds are computed internally while the program is executing, using automatic rules based on the current state of the analysis. This technique has been applied to a synthetic data set constructed in a different way from that used in the CARP and PRIM analyses. In this case the method seeks regions of the data space that are more/less densely populated than would be the case if each of the data variables were an independent random sample from a Gaussian (normal) distribution. The mean and variance parameters of each normal distribution are taken to be robust estimates of the corresponding mean and variance of each respective variable. Since the normal distribution is peaked near the mean of each variable, synthetic data sets of this type allow the procedures to use individual variable information to find clusters. The rules used by ModeMap to define clusters in the garnet database are given in Appendix C.
[101] The rules used by CARP to define populations, and hence the populations themselves, are straightforward to interpret because the combination of values of different variables that lead to a node is immediately obvious from Figure 3 . PRIM and ModeMap produce easily understood rules, but because each rule operates on the data set remaining after application of the preceding rules, interpretation of the individual clusters requires the examination of a database of results. (See Table B1 .)
Appendix C: PRIM Rules 
